It has been demonstrated that tea polyphenol (TP) epigallocatechin-3-gallate (EGCG) can confer protection against vanadium (V) toxicity in laying hens; however, our understanding of the molecular mechanisms beyond this effect are still limited. In this study, 360 hens were randomly assigned to the 3 groups to study whether the potential mechanism P38MAPK-Nrf2/HO-1 signaling pathway is involved in the protective effect of EGCG on eggshell pigmentation in vanadium challenged laying hens. Treatments included a control group, a 10 mg/kg V (V10), and a V10 plus 130 mg/kg of EGCG group (V10+EGCG130). Both eggshell color and protoporphyrin IX were decreased in the V10 group compared with the control diet, while EGCG130 treatment partially improved shell color and protoporphyrin IX (P < 0.05). The V10 exposure induced higher cell apoptosis rate and oxidative stress in birds as evidenced by the histological apoptosis status, decreased uterine glutathione-S transferase (GST) and high abundance of malondialdehyde (MDA) compared with the control group, whereas EGCG130 markedly alleviated oxidative stress via reducing MDA generation (P < 0.05). Dietary vanadium reduced ferrochelatase, NF-E2-related factor 2 (Nrf2), and heme oxygenase (HO-1) mRNA expression, while EGCG up-regulated Nrf2 and HO-1 expression (P < 0.05). Protein levels of Nrf2, HO-1 and phospho-p38 (P-P38) MAPK were reduced in V10 group, while dietary supplementation with 130 mg/kg EGCG markedly increased Nrf2, HO-1 and P-P38 MAPK protein levels in the uterus compared with the V10 group (P < 0.01). In conclusion, EGCG improved eggshell color and antioxidant system in V10-challenged hens, which seems to be associated with P38MAPK-Nrf2/HO-1 signaling pathway.
INTRODUCTION
Eggshell color, associated with the microstructure of the eggshell, plays an important role in customer preference and is also an important index for the hens' health status when abnormal depigmentation occurs (Jones et al., 2010; Samiullah et al., 2015) . Various factors can affect the eggshell color, including hen age, strains, lack of nutrients (minerals, vitamins), diseases (virus, illness), drugs (antibiotics), and housing system (Samiullah et al., 2015) . The main brown and pink eggshell pigment is protoporphyrin IX (C 34 H 34 N 4 O 4 ), although trace of biliverdin (C 33 H 34 O 6 N 4 ) and biliverdin-zinc chelate complex is also present (Miksik et al., 1996; Samiullah and Roberts, 2013) . Protoporphyrin IX is a key precursor of heme and it can be synthesized and transformed into heme by ferrochelatase (EFCH) in C Crown copyright 2018 . Received December 19, 2017 . Accepted May 14, 2018 Corresponding author: wangjianping@sicau.edu.cn blood and eggshell gland. Our previous study showed that vanadium, a transition metal, can induce a marked reduction in the eggshell color when included in the diet at 5 and 10 mg/kg (Yuan et al., 2016; Wang et al., 2016a) . However, the precise mechanism behind this event is still not known. The pigmentation process takes place in the uterus of layer hen over about four hours before oviposition; protoporphyrin IX is secreted by the epithelial and shell gland of uterus and deposited in the eggshell (Zhao et al., 2006; Wang et al., 2007; Samiullah et al., 2015) .
Vanadium, exists in oxidative states ranging from −1 to +5 valence, has been reported to directly increase the production and accumulation of radical reactive oxygen species (ROS) directly or through decreasing the cell's ability to eliminate ROS thereby causing oxidative stress in cells (Cortizo et al., 2000; Cano-Gitiėrrez et al., 2010) . Transcriptional factor Nrf2 plays a central role in the regulation of genes expression for detoxification and phase II antioxidant enzymes, including heme oxygenase-1 (HO-1), glutathione-S transferase (GST), NAD(P)H/quinone oxidoreductase 1(NQO-1) 3109 and glutamate-cysteine ligase (Niture et al., 2009) . Under basal conditions, Nrf2 is bound to Keap1 in the cytoplasm due to an interaction between a single Nrf2 protein and a Keap1. Heavy metal and oxidative stress can lead to dissociation of Nrf2 from Keap1 thereby rescuing Nrf2 from proteasomal degradation and allowing for entry into the nucleus to bind with the antioxidant response element (ARE) (Sriram et al., 2009) . It has been reported that HO-1 and its byproducts play important roles in the alleviation of oxidative stress (Ryter and Choi, 2006) . In addition, HO-1 metabolizes heme into biliverdin, which may also be involved in the synthesis of shell pigmentprotoporphyrin IX (Samiullah et al., 2015) . Mitogenactivated protein kinases (MAPKs), including P38 MAPK, extracellular signal-regulated protein kinase (ERK), and c-Jun NH(2)-terminal kinase (JNK), are upstream effectors in antioxidant responses, and their activities are manifested in the activation of many transcription factors, including Nrf2 (Nguyen et al., 2003; Shen et al., 2004; Keum et al., 2006) . Previous study reported that extracellular P38 MAPK and ERK2 regulate the expression of HO-1 through activation of Nrf2 translocation . So, we hypothesized that vanadium-caused the depigmentation of eggshell may be associated with MAPKNrf2-ARE-mediated oxidative stress and apoptosis in the epithelial cells of uterus, which further influence protoporphyrin IX production and the color of the eggshell.
Epigallocatechin-3-gallate (EGCG), a polyphenol consisting more than 30% of the dry matter in the green tea leaf, is an effective scavenger of ROS in vitro and also exhibits an antioxidant activity through mediating transcriptional factors and enzyme activities indirectly (Frei and Higdon, 2003; Na and Surh, 2008; Sriram et al., 2009) . Compelling evidence concluded that EGCG can improve cellular antioxidant capacity via up-regulating the Nrf2-mediated phase II detoxification enzymes production (Gupta et al., 2004; Na and Surh, 2008; Sriram et al., 2009) . However, the molecular mechanisms underlying EGCG detoxification effect on vanadium-induced eggshell depigmentation in layers is still obscure.
Therefore, this research aims to study whether EGCG protected eggshell pigmentation through P38MAPK-Nrf2/HO-1 signaling pathway in vanadiuminduced toxicity in laying hens.
MATERIAL AND METHODS

Birds, Diets and Management
This study was undertaken in strict accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals of the State Council of the People's Republic of China. The experimental protocol used in the study was approved by the Animal Care and Use Committee of Sichuan Agricultural University. A total of 360 Lohman laying hens (67-wkold, obtained from Sundaily Farm, Mianyang, Sichuan, China) were randomly divided into 3 treatments with 6 replicates per treatment of 20 birds each replicate for a 35-day feeding trial. The dietary treatments were as follows: (1) control, fed a basal diet; (2) V10, control + 10 mg/kg V; and (3) V10 + EGCG130, V10 + 130 mg/kg EGCG. Vanadium (added in the form of ammonium metavanadate) and tea polyphenols epigallocatechin-3-gallate (EGCG) with 98% purity, were purchased from Sigma (St. Louis, MO, USA). The basal diet (Table 1) was formulated according to the manual of the Lohman layers recommendations to meet or exceed the requirement of NRC (NRC, 1994) . All diets were provided in mash form. Birds were housed individually in stainless steel cages (38.1cm-width × 50 length × 40 height) and room environment was controlled with 22
• C by a daily lighting schedule of 16 h light and 8 h dark. Hens were allowed free access to experimental diets and water. Average feed intake was recorded daily and then pooled weekly.
Sample Collection
On study d 35, Twenty-four eggs per treatment (4 eggs/replicate) were collected to measure eggshell color and pigmentation content. Then, 72 hens (4 birds/replicate, 24 birds/treatment) were randomly chosen and sacrificed by cervical dislocation. Uterus (middle site) segments were immediately removed for morphology, apoptosis assay, and storage under −80
• C for further RT-PCR analysis. 
Measurement of Eggshell Color and Protoporphyrin IX Content
The eggshell color [L * (lightness), a * (redness), and b * (yellowness)] values were measured on the equatorial region two times per egg by a color meter (Minolta CR410 chroma meter, Konica Minolta Sensing Inc., Osaka, Japan). Shell protoporphyrin IX content was measured according to the method described by Gorchein et al. (2009) and Igic et al. (2009) with some modification. The extraction solution was prepared as described previously (Zhao et al., 2006) , which was a solution (3:3:2) with 3 N HCl: acetonitrile: water (HPLC grade, Beijing Chemical Reagents Company, Beijing, China). To measure the protoporphyrin IX content, eggshells without attached membranes were rinsed in MQ H2O (Millipore, MA) and ground to powder. The eggshell powder (0.25 g) was solubilized with 8 mL of extraction solution in the dark at room temperature for 2 d. Solubilized samples were centrifuged for 10 min at 17,800 × g at room temperature, and the supernatant (0.3 mL) was transferred into a microtiter plate for analysis with Microplate Reader (Tecan, Port Melbourne, Australia) at the wavelength of 412 nm. Calibration curves of standard protoporphyrin IX (Fisher Scientific, Waltham, MA) were constructed to calculate sample concentrations.
Uterus Morphology
Uterus segments were cut into pieces within 1-2 cm (in length) in 10% neutral buffered paraformaldehyde, processed and trimmed, embedded in paraffin, sectioned to a 5-μm thickness slice. The morphology were observed using a microscope under 100 × and 200 × magnification (BA400Digital, Mike Audi Industrial Group Co., Ltd., Xiamen, China).
Apoptosis Assay of Uterus by TUNEL Method
Uterus sites were quickly removed and placed into immediately into methyl aldehyde, then were histochemical stained using TUNEL technique by an in Situ apoptosis detection kit (Roche, Switzerland). Using BA200Digital (Mike Audi Industrial Group Co., Ltd.) to image acquisition. Apoptotic color is light yellow or brown yellow, and negative expression is blue with white background. Totally, 100 images have been taken to measure the cell apoptosis, and apoptosis rate is defined as the percentage of apoptotic cells in 100 cells counted.
Antioxidant Enzyme Activity Assay
A homogenizer (PowerGen 125, Fisher Scientific, USA) was used for uterus homogenate to determine antioxidant status [superoxide dismutase (SOD), glutathione S-transferase (GST), glutathione peroxidase (GSH-Px), total antioxidant capacity (T-AOC) and malondialdehyde (MDA)] using the reagent kits (SOD, A001-1; GST, A004; GSH-Px, A005; T-AOC, A015; MDA, A003-1, Nanjing Jiancheng Bioengineering Institute of China).
Reverse-transcription Polymerase Chain Reaction (RT-PCR) Analysis
Total RNA was isolated from uterus using TRIzol (Invitrogen, Carlsbad, CA, USA). Real-time quantitative PCR (RT-qPCR) was performed with SYBR Premix Ex TaqTM HS (TaKaRa Biotechnology, Dalian, China) on the Applied Biosystems 7500 Real-Time PCR System. The PCR amplifications were carried out in a final volume of 25 μL reaction mixture containing 1 μL of 10 × diluted template cDNA, 12.5 μL Taq Master Mix (Tiangen, Beijing, China), 0.5 μL (10 μmol/L) of each primer, 2.5 μL probe, 0.5 μL Rox, 3.5 μL MgCl2, followed by adding sterilized water to reach the final volume. The experiment was repeated for three biological replications. The cycling condition were as follows: 2 min at 95
• C followed by 40 cycles of denaturation at 95
• C, 15 s; 60 • C, 2 min of housing keeping gene, β-actin, followed by a final extension at 75
• C for 10 min. The primer pairs and the size of expected products are listed in Table 2 . All PCR amplification products were analyzed on 1.2% agarose gel electrophoresis, stained with ethidium bromide. All the positive PCR products were cloned and sequenced. Relative quantities of mRNA were calculated using the 2 −ΔΔCT method, with the quantity of the control diet scale to 1. One housekeeping gene (β-actin) was assessed for stability of expression using two separate cDNA from each treatment.
Immunoblotting Analysis
Proteins were extracted from uterine tissues and the protein concentration was determined by using the BCA protein assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA). Fifty micrograms of total protein were separated by SDS-PAGE and then transferred to polyvinylidene fluoride membranes (0.45 μm) at 100 V for 1 h 20 min. were blocked for 1 h in Tris-buffered saline Tween20 (TBST) buffer containing 1% (v/v) ovalbumin, followed by incubation with anti-bovine haptoglobin polyclonal antibodies at 37
• C for 1 h. Subsequently, membranes were incubated with horseradish peroxidase-conjugated secondary antibody at 37
• C for 1 h. Finally, membranes were detected and visualized by diaminobenzidine solution. The separated proteins 1 Abbreviation indicated that: FECH = ferrochelatase, Nrf2 = nuclear factor erythroid-2 related factor 2, HO-1 = heme oxygenase-1, P38 MAPK = p38 mitogen activated protein kinases.
2 GenBank accession number for sequence from which primers were designed. were blotted on to a PVDF membrane and probed with a rabbit polyclonal antibody against P38 MAPK (CST, 1:2000), phosphor-P38MAPK (CST, 1:2000), Nrf2 (Santa Cruz, 1:4000), HO-1(Abcam, 1:500) and sMaf (Santa Cruz, 1:1000). The goat anti-rabbit IgG-HRP (1:10,000, Santa Cruz Biotechnol, Inc.) were used as the secondary antibody. The blots were washed again three times with PBST, and immnunoreactive protein complex were detected by the ECL Prime western blotting detection reagent (GE-Healthcare) using a CCDbased imager (Image Quant LAS 4000) according to the manufacture.
Statistical Analysis
Data were analyzed by one-way ANOVA using GLM procedure of SAS 9.2 (SAS Institute). For all data, when the ANOVA was significant, Tukey's test were conducted. All data are expressed as means value with their standard errors of means (SEM). Significant differences were declared at P < 0.05.
RESULTS
Eggshell Color and Protoporphyrin IX Content
The eggshell color lightness (L * ) value was higher and the value of redness (a * ) and yellowness (b * ) level were lower (P < 0.05) in the V10 group compared to the control diet (Table 3) . Supplementation with 130 mg/kg EGCG partially increased (P < 0.05) a * and b * value, but could not achieve values similar to the control. The protoporphyrin IX content in eggshell was also decreased (P < 0.05) in the V10 group compared with the control and V10 + EGCG130 groups.
Antioxidant Enzyme Activities, Histopathological Changes and Apoptosis Rate of Uterus
Uterine tissues of layers fed 10 mg/kg V showed a reduction in GST activity and increased MDA content compared with the control group, whereas supplementation of 130 mg/kg of EGCG only completely reversed this reduction (P < 0.05; Table 4 ). No significant changes were observed in the morphology of uterus among dietary treatments (Figure 1) . Furthermore, apoptosis rate of uterine epithelial cells was higher (P < 0.01) in V10 than that in the control treatment, while adding 130 mg/kg of EGCG didn't affect rate incretion (Figure 2 ).
Protein and mRNA Expression Levels of Nrf2, FECH, HO-1, P38-MAPK and P-P38-MAPK
Gene expressions of FECH, Nrf2, and HO-1 were down-regulated by V10 treatment, while dietary EGCG markedly up-regulated the Nrf2 and HO-1 gene expression compared to the V10 group (Figure 3) . Dietary V supplementation markedly decreased Nrf2, HO-1 and P-P38 MAPK protein levels compared with Table 4 . Effect of tea polyphenols on uterus antioxidative status of laying hens in vanadium containing diets (Mean values with means of their standard errors; n = 6 per treatment). 1 GST = GSH S-transferase, GSH-Px = glutathione peroxidase, MDA = malondialdehyde, SOD = superoxide dismutase, T-AOC = total antioxidant capacity, V10 = 10 mg/kg vanadium, EGCG130 = 130 mg/kg EGCG. the control group, while 130 mg/kg EGCG enhanced (P < 0.01) Nrf2, HO-1, and P-P38 MAPK expression and decreased (P < 0.01) sMaf protein level in uterus compared with the V10 group (Figure 4) .
DISCUSSION
Eggshell pigmentation has been widely used as a potential indicator for stress and disease conditions in commercial laying hens (Jones et al., 2010; Samiullah et al., 2015) . Vanadium has been reported to reduce the egg interior quality evidenced by lower albumen height (Toussant et al., 1995; Bressman et al., 2002; Wang et al., 2016a) . In this study, layers exposed to a diet containing 10 mg/kg V led to lower shell color as indicated by higher L * and lower a * and b * values, EGCG treatment resulted in a higher shell color in the V-challenged birds, which is in agreement with previous observation where the decrease in V-induced shell color was reversed by antioxidant supplementation studies (Miles et al., 1997; Yuan et al., 2016; Wang et al., 2016a) . Moreover, Odabaşi et al. (2006) found that 30, 50 and 100 mg V supplementation in brown-type laying hens' diet decreased shell color (higher L * and lower a * and b * value), which was significantly alleviated by dietary supplementation with 100 mg/kg vitamin C (Odabaşi et al., 2006) . As the main pigments in eggshell is protoporphyrin IX in pink and brown eggshell layer strains (Miksik et al., 1996; Samiullah and Roberts, 2013) , we anticipated that the lighter shell color may be associated with the lower content of protoporphyrin IX in the V fed layers. Protoporphyrin IX, as a precursor of heme, can be synthesized by glycine and then translated into heme by catalyzing of FECH in eggshell. We observed that FECH expression was down-regulated by dietary V, while the addition of EGCG failed to reverse this effect. Thus, it could be argued that the protective effects of EGCG on eggshell color are not mediated by changes in protoporphyrin IX metabolism.
V can cause an increase in the generation of ROS in various target cells, which further disrupts redox balance, reduces cell viability, eventually leading to apoptosis (Liu et al., 2011; Imura et al., 2013) . The results of this study indicate that V increased apoptosis rate in uterine epithelial cells, which is accordance with the results from our previous study in magnum cells (Wang et al., 2017) . Also, it has been reported that exposure to V caused apoptosis in MCF7 cells (Ray et al., 2006) . Moreover, accumulating evidence indicated that V-induced ROS production can led to lipid peroxidation (Leonard et al., 2004; Cano-Gitiėrrez et al., 2010) . GST, SOD, GSH-Px and HO-1 contribute to the primary enzymatic defense against ROS and each enzyme plays an integral role in redox balance modulation * * Means significant difference (P < 0.01). Each means represents 6 replicate cages, with 1 layers/replicate. Abbreviation represents: V10 = 10 mg/kg vanadium, EGCG130 = 130 mg/kg EGCG. Apoptotic color is light yellow or brown yellow with arrow pointed out, and negative expression is blue with white background. Totally, 100 images have been taken to measure the cell apoptosis, and apoptosis rate is defined as the percentage of apoptotic cells in 100 cells counted. * * Means significant difference (P < 0.01). Each means represents 6 replicate cages, with 1 layers/replicate. Abbreviation represents: V10 = 10 mg/kg vanadium, EGCG130 = 130 mg/kg EGCG, Nrf2 = nuclear factor erythroid-2 related factor 2, HO-1 = heme oxygenase-1, FECH = ferrochelatase, P38 MAPK = p38 mitogen activated protein kinases. (Fang et al., 2002; Limón-Pacheco and Gonsebatt, 2009) . In our study, we found that V increased uterine MDA content and decreased GST activity, which indicated that V induced oxidative stress in the uterus. Similarly, in our previous studies also showed that V exposure induced oxidative stress in layers and rats by decreasing the activity of antioxidant enzymes (i.e., GST, NQO-1, T-AOC, and SOD) and increasing MDA generation in the serum (Yuan et al., 2016; Wang et al., 2016b) . It is interesting that the result for GSH-PX and * Means significant difference with P < 0.01 and P < 0.05, respectively. Each means represents 6 replicate cages, with 1 layers/replicate. Abbreviation represents: V10 = 10 mg/kg vanadium, EGCG130 = 130 mg/kg EGCG, Nrf2 = nuclear factor erythroid-2 related factor 2, P38 MAPK = P38 mitogen activated protein kinases, P-P38 MAPK = phosphate-p38 mitogen activated protein kinases, HO-1 = heme oxygenase-1. and SOD activity is not consistent, which may be because different tissues may respond to vanadium toxicity differently. Heme oxygenase (HO-1), a microsomal enzyme induced during oxidative stress, is responsible for the conversion of heme to biliverdin, carbon monoxide and iron in blood and shell gland (Maines, 1988; Siow et al., 1999) . HO-1 also exerts a protective effect against oxidative stress and apoptosis in a variety of cell types (Ferris et al., 1999; Liu et al., 2004) . EGCG upregulated expressions of GSH-Px, glutamate cysteine ligase, and HO-1, which might be further involved in elimination or inactivation of ROS (Na and Surh, 2008) , therefore boosting the antioxidant network in the uterus. The protective effect of EGCG against V-induced oxidative stress in the hen's uterus appears to be attributable to its restoration of uterine GST and HO-1 level that are prone to be reduced by V challenge.
EGCG has been widely demonstrated to protect the cells from chemical or radiation-induced damage (Na and Surh, 2008) . However, the potential mechanism of EGCG in antioxidant system in V-treated layer still remains unclear. Nrf2 is a key transcriptional factor that activates the antioxidant-reactive element (ARE), and in turn regulates the expression of antioxidant phase II detoxifying enzymes (Niture et al., 2009) . Under normal physiological condition, Nrf2 is bound to Keap1 in the cytoplasm, however when cellular redox balance is disrupt, Nrf2 is released from Keap1 and rapidly translocates to the nucleus to initiate transcription of antioxidant gene (Andreadi et al., 2006; Sriram et al., 2009 ). In Nrf2 gene knockdown rats, ROS generation and apoptotic cell death are significantly increased by cadmium exposure in kidney cells (Chen and Shaikh, 2009 ), suggesting that Nrf2 serves as a key regulatory mechanism during redox homeostasis. The results from the present study showed that mRNA and protein abundances of Nrf2, sMaf, and HO-1 were decreased in V-challenged birds, whereas EGCG treatment activated Nrf2 and HO-1 gene and protein expression level in the uterus. EGCG is known as one of the most potent Nrf2 activator amongst green tea polyphenol (Chen et al., 2000) .
Studies in Nrf2
−/-mice also suggest that EGCG can regulate HO-1 expression via the Nrf2 pathway (Shen et al., 2004) . Moreover, EGCG can improve cellular antioxidant capacity by up-regulating the production of Nrf2 mediated phase II detoxification enzymes (Gupta et al., 2004; Lee-Hilz et al., 2006; Wu et al., 2006; Na and Surh, 2008; Sriram et al., 2009; Sahin et al., 2010) . Since HO-1 can metabolize heme to biliverdin, it may also be involved in the synthesizing of shell pigmentprotoporphyrin IX (Samiullah et al., 2015) . Therefore, we propose that EGCG maintained eggshell color by enhancing the production of detoxification enzymes and HO-1 expression to replenish precursors of protoporphyrin IX synthesis.
The molecular mechanism underlying Nrf2 regulation by V and EGCG has not been elucidated. One of the most plausible mechanisms responsible for activation of Nrf2 seems to be phosphorylation of Nrf2 serine/threonine residues by protein kinases, which facilitates nuclear translocation of Nrf2 and subsequent ARE binding. Indeed, MAPKs such as P38 and ERK have been reported to regulate Nrf2 translocation and Nrf2 targeted genes (Nguyen et al., 2003; Shen et al., 2004; Keum et al., 2006; Eom and Choi, 2009; Limón-Pacheco and Gonsebatt, 2009) . In this study, the P38-MAPK gene and protein abundances was not affected by V and EGCG treatments, but P38-MAPK phosphorylation was markedly decreased in the V10 group and activated by EGCG supplementation. Vanadium were reported to reduce phosphor-Nrf2 through MAPK pathway, suppresses its nuclear translocation, thereby reduces phase II detoxification enzymes, causes ROS hard to remove, thereby leads to the accumulation of ROS. However, previous studies reported that V2O5 and its induced H2O2 activated ERK-1/2, P38 MAPK and P-P38 MAPK in human lung fibroblast Wang et al., 2003) . The differences may be because that MAPK pathway can mediate many signaling cascades, such as cytokine expression to induce inflammation and cell apoptosis for different cells in vivo and in vitro; therefore, the effect of its activation is depend on the down-stream responsers. Jaspers et al. (2000) reported that V induced oxidative stress in human bronchial epithelial cells by activating P38-MAPK dependent transactivation of NF-κB (Jaspers et al., 2000) . Thus, we anticipated that P38-MAPK signaling pathway may be involved in V and EGCGinduced Nrf2 activation and subsequent expression of HO-1 in uterus of layers. Also, it has been reported that EGCG with a higher intrinsic potential to generate ROS and redox cycling are the more potent inducer of ARE-mediated gene expression (Lee-Hilz et al., 2006) . The potential mechanism for EGCG on Nrf2 regulation might be associated with Keap1 thiols. Therefore, further study is necessary to test the EGCG induced ROS production and its effect on Nrf2-ARE signaling pathway in vivo.
CONCLUSION
In conclusion, dietary supplementation with 130 mg/kg EGCG partially reversed the lowered shell color and the disruption in redox balance by dietary V in laying hens; this response might be associated with P38MAPK-Nrf2/HO-1 signaling pathway ( Figure 5 ). These results provided molecular-level insights into the EGCG-mediated V detoxification process in laying hens.
